Abstract. We examined the possibility that the localization of phosphorylated ERK1 and ERK2 (pERK1/2) can serve as a marker for the development of benign and borderline tumors as well as carcinoma of the ovary by an immunohistochemical method on ovarian paraffin sections, obtained from women aged 41-83 years. In normal tissue, 28.3% of nuclei were labeled, mainly confined to the epithelial cells at the surface of the ovary. In benign serous tumors, the label rose to 55.0%, while the intensity of the staining was weak. In contrast, in borderline serous tumors and in ovarian serous carcinoma (stage II) 52.1% and 70.3% of nuclei, respectively, were labeled with a high intensity. In mucinous benign tumors, the number of labeled nuclei was as in the control, but in addition, 49.4% of the cells demonstrated high concentration of pERK1/2 in aggregated form that was evident in the cytoplasm of the cells. In the mucinous and endometrioid ovarian carcinomas (stage II) very intensive labeling was found in 60% and 77.3% of cells, respectively. It is, therefore, suggested that since nuclear pERK1/2 can be mitogenic, it can serve as a reliable marker for the progression of ovarian cancer. Interestingly, the intense labeling of pERK1/2 was mainly confined to the peripheral areas of ovarian endometrioid carcinoma (stage II). In addition, all tumor cells in this class of cancer were positively stained with mutated p53. It seems, therefore, that immunohistochemical staining of normal and ovarian tumor cells with anti-pERK1/2 is a reliable marker for early detection of the cancer, which may assist in the early diagnosis and prognosis of this lethal disease.
Introduction
Epithelial ovarian cancer is the most lethal gynecological cancers in women and is frequently developed in postmenopausal women (reviewed in refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . It is subdivided according to the pathological appearance and molecular markers to four groups: serous-adenocarcinomas comprises 80% of the cancer and the rest are mucinous carcinomas, endometrioid carcinomas and clear cell carcinomas (reviewed in refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Earlier it was reported that about 12-13% of total ovarian carcinomas are mucinous carcinomas, but recently, using new molecular markers, it was considered as only 2-3% of total ovarian carcinomas (16) . Low-grade serous carcinomas are characterized by frequent mutation of KRAS, BRAF and ERBB2 genes, but lack of p53 mutations. In contrast, the vast majority of high-grade serous carcinomas express the mutated p53, but lack mutations of KRAS, BRAF and ERBB2 (3, (17) (18) (19) (20) (21) (22) (23) . Immunohistochemical techniques revealed staining of p53, p16 and Ki67 in high-grade carcinomas (3, 17) . Distinction between the low-grade and the high-grade serous carcinomas may suggest that the low-grade ovarian carcinomas are not the origin of the high-grade ovarian serous carcinomas (3, 17) .
The prognosis of serous ovarian carcinomas was found to be of 40.8-month, while the prognosis of mucinous ovarian carcinomas was found to be extremely poor and was only 14.6 months. The prognosis of clear cell carcinomas and endometrioid carcinomas was 21.3 and 50.9 months, respectively (reviewed in refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Primary mucinous ovarian carcinomas have a sign frequently of higher prevalence of KRAS mutations and lower frequency of BRCA and p53 abnormalities (16, 22, 24) . The worse prognosis of mucinous ovarian cancer arises probably from the fact that this type of cancer is largely platinum and taxane resistance (reviewed in refs. 16, 25) . Clear cell carcinoma is the second most common type of ovarian epithelial cancer representing 5% of ovarian carcinomas (26) . It is characterized by its association with endometriosis and frequent mutations of ARID1 and PIKM3CA (reviewed in refs. 16, 26) .
In serous ovarian cancer as well as in other types of ovarian cancers, receptors to EGF and EGF like factors as well as the appropriate ligands, are clearly expressed (reviewed in refs. [27] [28] [29] [30] [31] [32] [33] [34] . The most remarkable finding is a significant increase of the level of HER2 which correlates also with relatively poor prognosis (40.9 months) of serous ovarian type of cancer (reviewed in ref. 17 ). In addition, VEGF is also expressed in serous ovarian carcinoma and it is probably related to mitotic activity of the cancerous tissue (35) . It should be noted that expression of mutated p53 and HER-2 is frequently expressed in all types of ovarian cancer (2, (17) (18) (19) 22, 31, 35, 39) Another parameter that probably increases the aggressiveness of ovarian cancer in general is the de novo formation and secretion of heparanase which degrade the extracellular matrix (36) (37) (38) , and thus may facilitate the migration of the cancer cells through the walls of the blood vessels.
The extracellular signal-regulated kinase 1 and 2 (ERK1/2) is a central intracellular signaling pathways that plays a key role in the induction of proliferation, differentiation and apoptosis (reviewed in refs. 39, 40) . In quiescent cells, ERK1/2 are retained in the cytoplasm due to their interaction with various anchoring proteins, including their upstream regulators MEK1/2. Following stimulation, ERK1/2 are phosphorylated on threonine and tyrosine residues (pERK1/2), which induce their activation and dissociation from most of the cytoplasmic anchors. This dissociation is necessary for nuclear translocation of pERK1/2, which is achieved by a specific nuclear translocation signal (NTS) within the kinase domain of the proteins (39, 41, 42) . Stimulation and nuclear localization of pERK1/2 is required for diverse cellular functions such as in neurite outgrowth in PC12 cells (43) and the transformation of fibroblasts (44) . In ovarian carcinomas, in general, there is a potential that EGF like factors will bind to a family of EGF receptors on the target cell membrane (31) (32) (33) (34) . This binding activates the receptor, which in turn phosphorylates and activates ERK1/2, which induce their nuclear localization (39, (40) (41) (42) 45) . However, there is no follow-up reports on the nuclear localization of pERK1/2 in tissues of ovarian cancer or in any other cancerous tissue. In the present study we demonstrate for the first time nuclear labeling of pERK1/2 in normal ovarian tissues and benign and borderline tumors, and in carcinomas of the ovary. Our findings suggest that the nuclear pERK1/2 may be an important early biomarker for the development of ovarian cancer.
Materials and methods

Materials.
Monoclonal antibodies to p53 (clone 421) were kindly donated by Professor M. Oren of our Institute. Antibodies to pERK1/2 were mouse monoclonal antibodies that recognize only the phosphorytated form of the ERK's and not the non-phosphorylated form (40) using a dilution of 1:200 (Sigma-Aldrich M8159, St. Louis, MO, USA). Second specific antibodies conjugated to HRP were from N-Histofine, Japan.
Procedures. Localization of pERK1/2 was performed by the indirect immunostaining method of ovarian sections, formaldehyde fixed, and paraffin-embedded specimens (3, 17, 33, 36) , obtained from women at the age of 41-79 through several hospitals in Israel. For control, sections of normal ovaries were obtained from women aged 41-73 years. Specimens of paraffin sections were obtained from 8 normal ovaries and 5-7 ovaries of benign, borderline and carcinomas of each group. As for endometrioid ovarian cancer, we studied only 2 carcinoma specimens. The carcinomas were at stage II. Permissions for the research were obtained from Helsinki Committees of each hospital: Kaplan Medical Center, Rehovot, Israel, Hadassah Hospital, Ein Kerem, Jerusalem, Israel and the Wolfson Hospital, Holon, Israel. Staining of sections with anti-p53 were performed using specific antibodies, followed by staining with secondary specific antibodies conjugated to peroxidase against the primary antibodies.
Microscopic examination. Immunostained sections and parallel sections stained with heamatoxylin and eosin were observed in Olympus or Nikon microscopes using x10-x1000 magnification. For scoring the number of labeled cells and nuclei in normal and different stages of the ovarian tumor development, pictures were taken at x1000 magnification. Six to twelve different areas of stained slides of each different stage of ovarian tumor development (and controls of normal ovaries) were photographed and the number of labeled nuclei and total nuclei were scored, calculating the percentage of labeled nuclei in each photograph, and the mean value ± SD of all fields were calculated as well. At each stage of the ovarian tumor development (and normal tissue) total of about 750 nuclei were scored. It should be noted that at normal ovaries pictures were taken to show both the stroma and the epithelial cells, while in ovaries containing the tumors pictures were taken in the main bulk of the tumors.
Statistics. Statistic evaluation of the different percentage of labeled nuclei among the different stages of ovarian tumors development was performed, including control of normal ovary. Analysis of variance (ANOVA) followed by multiple comparison tests or Student's t-test as appropriate was performed. Calculations were performed using SPSS software (Student's t-test, version II, Chicago, IL, USA). Values of P<0.05 were considered statistically significant.
Results
Normal ovary. In a normal ovary, only 28.3±11.3% SD of the nuclei were labeled with anti-pERK1/2 (Figs. 1 and 2A). The label was located both in the cytoplasm and nuclei and was mainly confined to the epithelial cells in the surface of the ovary ( Figs. 1 and 2A) . The stromal cells were mainly free of labeling, although some stromal cell nuclei were also weakly stained. However, it should be noted that in some normal ovaries (3 of 8) which were classified as normal, according to morphological criteria, there was more intensive labeling of pERK1/2 even in stromal cells, often in the ovarian periphery, which would suggest that these ovaries may represent higher potential to develop ovarian cancer (data not shown). Therefore, these three ovaries were not scored as normal ovaries.
Ovarian serous tumors. In benign serous tumors (Fig. 2B) , the label was still low and was located in the nuclei of the cells (55.0±14.0% SD), while the percentage of labeled nuclei was significantly elevated above the control P<0.006 (Figs. 1 and  2B ). In serous borderline tumors 52.1±5.7 SD of nuclei were labeled, significantly above the control (P<0.0002) while the intensity of labeling was much higher than in normal ovary (Figs. 1, 2C and D) compared to normal ovary and benign tumors. It should be noted that two different cell populations of borderline tumors were evident in different patients. The first was characterized by tightly packed small cells and small nuclei (Fig. 2C) , and the second by more loosely packed cells and larger nuclei (Fig. 2D) . In serous adenocarcinoma there was high labeling in the nuclei of the tumors, while in stromal cells low labeling was sometimes evident (Fig. 2E) . High magnification images at the center of the carcinomas revealed 70.3±8.3 SD, of nuclear staining (Figs. 1 and 3) . The percentage of labeled cells was significantly higher than in benign tumors (P<0.05) and in borderline tumors P<0002 (Figs. 1  and 3 ). Also, in the carcinomas there were two different patterns of staining of the carcinomas. The first comprised round large nuclei with clear staining both in the cytoplasm and the nuclei (Fig. 3A) while the second image comprised stained nuclei irregular in shape, while the cytoplasm was weakly stained. Some of the nuclei remained unstained (Fig. 3B) .
Mucinous tumors.
Morphologically it was hard to distinguish between benign and borderline mucinous tumors. However, staining of tumor sections with anti-pERK1/2 antibodies helped to distinguish between benign and borderline mucinous tumors.
In benign tumors only 17±1.1% SD of the nuclei were labeled. This figure was not significantly different as compared to control ovaries (Figs. 1 and 4A ) (P=0.24). It should be noted that the label of pERK1/2 was confined to clusters of 2-3 cells in the mucinous cell layers and was evident both in the nuclei of these clustered cells and in a weak staining at the circumference of these cells, while most of the cells remained unlabeled (Fig. 4A) . However, local high concentration of pERK1/2 was found in most patients in cytoplasmic inclusions of additional 49±16.7% SD of cells (Figs. 1 and 4B) . In those cells the nuclei were still free of labeling. These images may represent initial development of mucinous ovarian tumors. In borderline tumors extremely high labeling was found both in the cytoplasm and the nuclei of the cells (68±9% SD) (Figs. 1, 4C and D) . Interestingly, the labeling in the cytoplasm appeared sometime in small numerous aggregates (Fig. 4D) , and high labeling could be observed in stromal cells adjacent to the tumor cells ( Fig. 4C and D) . In mucinous carcinomas high labeling was confined to the nuclei of cells 62.5±9.5% SD (Figs. 1, 4E and F) as were scored in high magnification at the central core of the carcinoma (Fig. 4F) .
Endometrioid ovarian carcinomas. Since this type of tumor is relatively rare (5%) (7,9), we found only a couple of cases of ovarian endometrioid carcinoma. We could not identify benign tumors and borderline tumors. Staining with antipERK1/2 antibodies of the carcinomas yielded heavy labeling of tumor cells. pERK1/2 was mainly located in the periphery of the tumors, leaving the center of the tumor unstained ( Fig. 5A and B) . When analyzed, the labeled areas at x1000 magnification (Fig. 5C) , it was found that 77±10.1% SD of the cells showed extremely high labeling both in the nuclei and the cytoplasm (Figs. 1 and 5C ). Interestingly, when stained to p53 all nuclei of the carcinoma cells were heavily labeled (Fig. 5D) . It should be noted that also some stromal cell nuclei adjacent to the tumors were also labeled with pERK1/2 (Fig. 5A) . The tumor cells could be distinguished from the stromal cancer cells by the small size of oval appearance of the nuclei. where labeling is evident in the cytoplasm, while the nuclei remained unstained +-, resembles the intensity of staining. The difference between labeled nuclei in normal ovary (NO) and benign serous tumor is P<0.006, between NO and borderline serous tumor is P<0.0002 and between NO and serous carcinomas is P<0.00005. However there is no significant difference between labeled nuclei between NO and benign mucinous tumors P= 0.2. There is a significant difference between NO and borderline mucinous tumors P<0.0007 and mucinous carcinomas P<0.0002. Significant difference is also evident between NO and endometrioid carcinoma, P<0.0002. There are also significant differences between benign serous tumors and serous carcinomas P<0.05 as well as between borderline serous tumors and serous carcinomas P<0.001. The same significant difference between NO and endmetrial cancer exists (P<0.00002).
Discussion
Our results indicate that the appearance of nuclear pERK1/2 correlates with the development of ovarian cancer. It was earlier demonstrated that in cancer cell lines pERK1/2 can enter the nucleus (2,39,41,42,46 ), but we demonstrate here for the first time a correlation between increase in number and intensity of pERK1/2 labeled nuclei with progression of the ovarian cancer. The translocation of pERK1/2 into the nucleus is probably triggered by the de novo synthesis of EGF-like factors such as HB-EGF, amphiregulin, epiregulin and TGFα after shedded to the extracellular space, cleaved by the metalloproteins ADAM-17 and possibly ADAMTS1 (29, 47) , and bind to the EGF receptor, which become phosphorylated (45). The latter induces the phosphorylation of MEK, which in turn phosphorylate ERK1/2 that migrates to the nucleus to trigger cell proliferation (39) (40) (41) (42) . These are classical autocrine and paracrine loops as suggested by us earlier (27, 32, 47) . Our observations that nuclei of the stromal cells adjacent to the tumor are also labeled with pERK1/2 are in line with the notion of a paracrine loop (27, 32, 47) .
In benign serous tumors the nuclei exhibit modest labeling of pERK1/2. In contrast in borderline tumors the labeling is much more intensive. It should be noted that the different appearance of benign mucinous tumors as well as mucinous borderline tumors and serous carcinomas suggest that different subclasses of ovarian cancer may exist at least in serous and mucinous type of cancer (16, 48) . As for mucinous carcinomas there is some controversy in the literature: early reports claimed for 11-12% of these carcinomas among total ovarian carcinomas while recent reports claimed for 2-3% of total mucinous carcinomas (16) . Interestingly, in the present work we distin- guish between benign and borderline mucinous tumors, although they show similar morphology, by the intracellular distribution of pERK1/2. The aggregates of pERK1/2 in the benign and borderline tumors raise the question, what is the mechanism of such aggregations? Probably, this matter could be solved by high-resolution electron microscopy using colloidal gold attached to specific antibodies to pERK1/2. Mucinous benign and borderline tumors should also be analyzed for different biomarkers to see whether functionally there are separated subclasses in mucinous cancer (16) .
We also found different appearance of serous borderline tumors and carcinomas. It may well be that this is a reflection of subtypes of this class of ovarian cancer. Adjacent to tumor cells, stromal cell nuclei were often labeled with pERK1/2. This is not surprising since the EGF-like factors produced by the tumor cells can exert their effect both in autocrine as well as in poracrine loops (reviewed in refs, 27, 32, 47) . In endometrioid ovarian cancer only part of the tumor cells, mainly at the circumference of the tumors were labeled with pERK1/2, however, all endometrioid ovarian tumors were labeled with mutated p53. Since mutation of p53 in all tumor cells resemble the advanced state of the cancer (48) it may suggest that there is no necessity for pERK1/2 to be present in the nuclei beside the growing edges of the tumor. Moreover, it may suggest that pERK1/2 is an early marker of ovarian carcinoma which may disappear at least in part upon progression of the cancer associated with the mutation of oncogenes such as p53.
The intense nuclear labeling of pERK1/2 in serous, mucinous and endometrioid carcinomas suggest the important role for pERK1/2 signaling in cell proliferation of ovarian cancer (reviewed in refs. [39] [40] [41] [42] . As mentioned before, this activation is mediated by interaction of EGF-like factors produced by the cancer cells (27, 32, 47) . Interestingly, high labeling of the carcinoma cells with γ sinuclein in all types of carcinomas inspected by us (unpublished data; 49,50) suggest another mechanism of activation of MAPK (50, 51) which results in enhancement of cancer cell motility (51) as well as enhancement of drug resistance to chemotherapy, due to inhibition of apoptosis (52) . The neoplastic transformation is probably triggered also by other molecular events as mutation of BRCA1, 2, 3, KRAS, mutated p53, Ki67 and others (reviewed in refs. 2, 3, 17, 18, [20] [21] [22] 35) , but it seems clear that phosphorylation of ERK1/2 is one of the early events and may assist in the early diagnosis and prognosis of ovarian cancer, which is the most lethal gynecological cancer in women (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) 53) . It was recently demonstrated using proteomics that there is only a slight elevation of pERK1/2 at the 4 different stages of ovarian carcinomas (53) . However, the novelty of our work is the dramatic elevation of pERK1/2 already in benign and borderline tumors compared to normal ovaries. Moreover, immunohistochemical methods could be sometimes more accurate than proteomics, since in immunocytochemistry we inspect individual cells and nuclei, while in proteomics, homogenates of tissues are analyzed, and some residues of normal tissues can blur the results. However, proteomics has a great potential in the analysis of numerous cancer markers simultaneously (53, 54) . Moreover, it is hoped that a better understanding of the micro-RNA expression involved in the ovarian cancer may provide new avenues for the detection, diagnosis and therapy of this deadly disease (55) .
Recent work claims that the entry of pERK1/2 to nuclei is restricted in cultures of epithelial cells isolated from the human mammary gland and the ovary (56) . However, the age of the women whose epithelial cells were derived, was not indicated. We found in the present work pERK1/2 labeled nuclei and cytoplasm of epithelial cells in normal ovary. This discrepancy may arise from the fact that in the present work we analyzed ovarian tissues obtained from post-menopausal women while in the earlier report (56) cells might have derived from younger women. We clearly observed cytoplasmic and nuclear localization of pERK1/2 in the ovarian epithelial tissues that were taken from post-menopausal women. Moreover, labeled nuclei of epithelial cells with pERK1/2 may indicate their potential to undergo proliferation and transfor mation (40, 42) . In addition, labeling with pERK1/2 was evident in the present work in stromal cell nuclei adjacent to the tumor. This may suggest that these cells could have also the potential to undergo transformation. All in all, immunohistochemistry and immunocytochemistry of pERK1/2 seems valuable for the early diagnosis and prognosis of ovarian cancer development. Moreover, the discovery of new subtype of ovarian carcinomas as revealed in the present work may lead to more accurate selection of regiments for the treatment of this disease. In addition, as was exemplified in the present work, that localization of pERK1/2 in mucinous tumors can assist in determining the grade of the tumors even if they show a similar morphology.
